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ABSTRACT The magnetic ﬁeld dependence of the 31P spin-lattice relaxation rate, R1, of phospholipids can be used to differ-
entiate motions for these molecules in a variety of unilamellar vesicles. In particular, internal motion with a 5- to 10-ns correlation
time has been attributed to diffusion-in-a-cone of the phosphodiester region, analogous to motion of a cylinder in a liquid hydro-
carbon. We use the temperature dependence of 31P R1 at low ﬁeld (0.03–0.08 T), which reﬂects this correlation time, to explore
the energy barriers associated with this motion. Most phospholipids exhibit a similar energy barrier of 13.2 5 1.9 kJ/mol at
temperatures above that associated with their gel-to-liquid-crystalline transition (Tm); at temperatures below Tm, this barrier
increases dramatically to 68.55 7.3 kJ/mol. This temperature dependence is broadly interpreted as arising from diffusive motion
of the lipid axis in a spatially rough potential energy landscape. The inclusion of cholesterol in these vesicles has only moderate
effects for phospholipids at temperatures above their Tm, but signiﬁcantly reduces the energy barrier (to 17 5 4 kJ/mol) at
temperatures below the Tm of the pure lipid. Very-low-ﬁeld R1 data indicate that cholesterol inclusion alters the averaged dispo-
sition of the phosphorus-to-glycerol-proton vector (both its average length and its average angle with respect to the membrane
normal) that determines the 31P relaxation.INTRODUCTION
Phospholipid motions in bilayers can be significantly affected
by the inclusion of other components. Although acyl chain
motions have been well characterized, the dynamics of the
phospholipid phosphate moiety, often critical in interactions
with peripheral proteins, are harder to monitor. 31P NMR
spectroscopy has been used to measure relaxation behavior
of the phosphodiester group in lipid molecules in bilayers.
However, at high magnetic fields, large linewidths interfere
with this approach. It is quite difficult to identify the combina-
tions of motions reflected in different spectral measurements.
Instead, we use high-resolution 31P field cycling NMR spec-
troscopy (P-fc-NMR) to monitor the field dependence of the
31P spin-lattice relaxation rate (R1) for diverse phospholipid
mixtures over a wide field range (0.003–11.7 T on the same
spectrometer) (1,2). For phospholipids aggregated in small
unilamellar vesicles, the method extracts three distinct corre-
lation times: a microsecond correlation time, tv, an interme-
diate 5–15 ns time, tc, and a short 100–300 ps time, thf. The
longest of these correlation times reflects vesicle tumbling
with some contribution from lateral diffusion, and the shortest
time reflects some relatively local dynamics.
Here, we interpret measurements of the intermediate corre-
lation time versus temperature, membrane components, and
cholesterol content. Analysis of the dipalmitoylphosphatidyl-
choline (DPPC) 31P relaxation profile and comparison with
molecular dynamics simulations have strongly suggested
that the intermediate time, tc, which reports the dipolar inter-
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0006-3495/09/07/0132/10 $2.00action of the glycerol C(3) protons with the phosphorus,
reflects ‘‘wobble in a cone’’ of the vectors connecting the
phosphorus to the two nearest protons on the glycerol, analo-
gous to motion in a hexadecane-like medium (3). Such
wobble reflects motions of the chains, as well as the glycero-
phosphate moiety. The simulations also suggested that the
choline headgroup motions are largely uncoupled from the
rest of the phospholipid. For liquid-crystalline-phase bilayers,
the temperature dependence of tc should reflect a spatially
rough potential energy landscape that is similar for different
liquid-crystalline systems. A gel-like bilayer should strongly
affect the 31P dynamics inherent in tc.
We have estimated apparent motional energy barriers for
phospholipid tc motion in a variety of vesicles and assessed
the effect of cholesterol on phospholipid motions. There is
a dramatic difference in the barrier for the phospholipid
rotational/wobble diffusion in gel (~60 kJ/mol) versus
liquid-crystalline (10–15 kJ/mol) states. Bilayer curvature
differences of inner and outer leaflets have a significant effect
for the anionic phosphatidic acid (PA), but not for zwitter-
ionic PC motion, the latter result suggesting that changes
in zwitterionic headgroup packing in the absence of a phase
change do not modulate tc behavior significantly. The addi-
tion of cholesterol can also change the dynamics for the
motion reflected in tc. Its presence significantly reduces
the wobble energy for phosphatidylcholine below the Tm
of the pure material, but leads to only a small increase in
this energy term for tc motions in fluid bilayers. The results
are discussed in terms of phospholipid P-H motions sug-
gested by simulations and framed in terms of a rough poten-
tial energy landscape.
doi: 10.1016/j.bpj.2009.03.057
31P NMR Field Cycling of Lipid Vesicles 133MATERIALS AND METHODS
Chemicals and sample preparation
Phospholipids were obtained from Avanti Polar Lipids (Birmingham, AL)
and used without further purification. Cholesterol, obtained from Sigma-
Aldrich (St. Louis, MO), was recrystallized from ethanol. Small unilamellar
vesicles (SUVs) of most lipid combinations were prepared by sonication of
lipids rehydrated in 50 mM HEPES, pH 7.5, 20–40% D2O, 5 mM EDTA.
Large unilamellar vesicles (LUVs) of ~1000 A˚ diameter for DPPC, dimyr-
istoylphosphatidylcholine (DMPC), and DPPC/cholesterol were prepared by
extrusion of the lipids in the same buffer using a Lipofast extruder (obtained
from Avanti) with a 0.1-mm filter. Samples were epoxied into 8 mM NMR
tubes adapted for use with the shuttler (1,4).
31P ﬁeld cycling (P-fc-NMR)
The 31P spin-lattice relaxation rate (R1)wasmeasured from11.7down to 0.003
T as described previously (1,2,4), but with a modified cycling attachment (see
Fig. S1 in the SupportingMaterial). Samples of 10mMphospholipid typically
required 24–36 h for a full field dependence profile. Deconvolution of the data
from0.07 to 11.7T to extract tc andother parameters thatwe tabulate followed
previously published procedures (1,2,5,6). For sampleswhere the temperature
was varied at fixed low field (usually 0.032 T but occasionally other fixed
fields as well), measuring R1 at five or six temperatures typically took 4–8 h.
RESULTS
P-fc-NMR experiment: extracted parameters
Phospholipids in vesicles exhibit similar profileswhen the 31P
relaxation rate, R1, is measured from 11.7 down to 0.003 T
(1–3). Fig. 1 shows such data for dioleoylphosphatidyletha-
nolamine (DOPE) in SUVs (1:1) with dioleoylphosphatidyl-
methanol (DOPMe). A detailed review of the different
contributions to this profile can be found in Fig. S2. Above
0.05 T (Fig. 1 A), there are three distinct terms: 1), dipolar re-
laxation by the protons closest to the 31P with a timescale of
5–10 ns (tc) and extrapolated amplitude at zero field of
Rc(0); 2), chemical shift anisotropy (CSA) relaxation with
the same correlation time; and 3), a faster motion yielding
a CSA term with a 50- to 200-ps correlation time that only
contributes significantly above 2T (1). The extrapolated value
of the first (dipolar) term, just mentioned, to the zero field
limit, is well determined. From the dipolar tc and Rc(0), we
can obtain a distance average Shr3i2, whose inverse sixth
root we denote by rPH. The parameters Rc(0) and tc are easily
estimated from the relaxation rate data (Fig. 1 A).
Below 0.05 T (Fig. 1 B), another dispersion is seen; this
represents dipolar relaxation not averaged by the faster
motions and reflects the contribution of vesicle tumbling
and lateral diffusion to the 31P R1 (2). This dispersion is char-
acterized by a correlation time tv (typically 0.3–1 ms), and an
amplitude Rv(0) (Fig. 1 B). On a frequency scale, this very-
low-field dispersion is within the range previously suggested
(7) for vesicle tumbling from 2H relaxation studies of phos-
pholipids. In that earlier work, it was suggested that vesicle
tumbling contributes to relaxation below 10 MHz. Our 31P
data indicate that for these small vesicles, that dispersion
for vesicle tumbling has a midpoint of ~0.5 Mz. If we assumeas a model that all the protons producing the relaxation have
a P-H vector that is nearly fixed at an angle of qPH relative to
the membrane normal (8), then we can extract an average
angle, qPH, for the P-H vector. Molecular dynamics simula-
tions (3) suggest that of the possible angles from this treat-
ment, the value ~45 appears most plausible for qPH.
B
A
FIGURE 1 (A) 31P R1 for DOPE in mixed vesicles of DOPE (5 mM)/
DOPMe (5 mM) from 0.07 to 11.7 T measured at 22C, showing the theo-
retically fitted relaxation profile with the individual dipolar (thin solid line),
CSA (dashed line), and high-field CSA associated with faster motion (dotted
line) components. (B) Low-field region obtained in the same run, plotted on
an expanded field axis and compressed R1 axis, showing how the low-field
dispersion in R1 exhibits a 0.3-ms correlation time, due mainly to overall
vesicle tumbling (along with lateral diffusion) for DOPE. Also shown in
each panel is the 1H frequency scale associated with R1. The POPMe
31P
resonance observed in the same run shows similar behavior, and is omitted
here for clarity. The values of Rc(0) and Rv(0) obtained from a computer fit
are indicated, to show how those are simply related to amplitude plateaus in
the data. Likewise, the field points where the proton angular frequency
of 2pyH equals the computer-fitted tc
1 and tv
1 are shown to indicate
how these correlation times can be estimated directly from the relaxation
profiles.
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134 Roberts et al.TABLE 1 Correlation times, rPH, qPH, and Ea for tc motion extrapolated from high-resolution
31P ﬁeld cycling of phospholipids in
ﬂuid-phase unilamellar vesicles
Vesicle system* T (

C) tc
y (ns) Rc(0) (s
1) rPH (A˚) tv (ms) Rv(0) (s
1) qPH () Ea
z (kJ/mol)
Energy roughnessx
(kJ/mol)
Liquid crystalline
DOPMe/ 22 5.65 1.6 0.925 0.03 2.88 0.545 0.19 4.45 0.5 46.3 10.25 2.5 3.60
POPC{ 5.65 0.6 0.975 0.07 2.85 0.545 0.10 8.45 2.3 43.7 12.05 3.3 3.92
DOPG/ 22 4.75 0.7 1.145 0.05 2.70 0.345 0.02 6.15 0.3 44.1 15.65 2.3 4.34
POPC 4.05 0.4 1.035 0.03 2.67 0.405 0.04 8.55 0.6 43.6 13.25 2.4 3.87
DOPMe/ 22 275 11 1.485 0.31 3.45 0.585 0.23 2.55 0.9 44.1 13.55 2.3 4.18
DOPE 10.05 1.2 1.335 0.04 2.98 0.305 0.07 3.35 0.5 43.8 13.95 3.1 4.65
DOPA(out)/ 22 8.35 2.2 1.375 0.09 2.87 0.535 0.19 6.85 1.1 44.1 10.55 2.3 3.56
DOPA(in)/ 21.75 6.0 3.055 0.40 2.95 1.045 0.50 7.05 0.9 46.3 27.45 3.7 5.64
POPC 8.85 3.2 1.505 0.14 2.86 0.465 0.17 8.05 1.0 42.7 13.05 2.0 3.92
POPCþPr3þ(out)/ 22 1.65 0.1 1.395 0.13 – 0.375 0.12 6.85 1.4 – 22.45 4.0 5.15
POPC(in) 7.25 1.6 1.625 0.14 2.73 0.445 0.09 8.45 1.1 43.5 14.05 3.1 4.16
DMPC SUVs 30 7.65 0.9 1.445 0.37 2.81 0.945 0.18 19.15 2.4 42.4 16.15 3.3 3.95
DPPC LUVs 45 11.25 2.4 1.395 0.07 3.02
SPM SUVs 40 13.85 2.8 3.455 0.26 2.68 31.15 7.8 6.52
DOPMe/ 37 15.25 4.5 1.385 0.15 3.18 0.545 0.18 3.35 0.9 44.8 18.95 5.4 5.99
SPM 9.25 4.2 1.595 0.18 2.85 0.655 0.14 8.55 1.6 44.2 14.35 3.6 4.51
Gel-like:
DMPC SUVs 625 23 8.69
DPPC LUVs 67.25 6.8 7.71
SPM (w/DOPMe) 76.55 13.5 9.55
*For SUVs, R1 was measured between 0.003 and 11.7 T at the indicated temperature and the R(0) parameters were extracted from that field dependent
profile.
yThe fit of R1 versus field to extract Rc(0) and tc was usually carried out with data from 0.08 to 11.7 T.
zThe activation energy was evaluated from the slope of the plot of ln(R1 at fixed low field) versus 1/T; data for at least five temperatures were acquired (usually
between 17 and 45C).
xThe root-mean-squared energy roughness was evaluated from the square root of slope of the plot of ln(R1) versus 1/T
2.
{Data from Roberts and Redfield (1).The parameters tc, Rc(0), rPH, tv, Rv(0), and qPH are pre-
sented in Table 1. The phospholipid rotational/wobble diffu-
sion reflected in tc is of particular interest, since it is likely to
vary with phospholipid mixtures and phase states. A temper-
ature dependence of tc would help us describe the energetics
of each component in mixed phospholipid vesicles. Since the
timescales tc and tv are well separated, we can extract an
energy term for tc by measuring how R1 varies with temper-
ature but at fixed low field, where it is expected to be directly
proportional to tc.
Mixed component SUVs: temperature
dependence of tc
SUVs composed of 1-palmitoyl-2-oleoylphosphatidylcho-
line (POPC) (10 mM) and DOPMe (10 mM) have been
previously studied at 22C by high-resolution 31P field
cycling (1,2). At a field of 0.032 T, the relaxation rate is
essentially Rc(0), which is directly proportional to tc, as
just mentioned. The temperature dependence of R1 for this
vesicle system is shown in Fig. 2. If we assume that over
the temperature range studied, no other motion adds a signif-
icant component to R1, that the P-O-C-H angle with respect
to the bilayer normal does not change significantly with
temperature, and that at a field strength of 0.032 T, R1
does indeed reflect Rc(0) over the same temperature range,
Biophysical Journal 97(1) 132–141then the apparent activation energy, Ea, associated with
this motion is 12.0 5 3.3 kJ/mol for POPC and 10.2 5
2.5 kJ/mol for DOPMe. The Ea extracted for both phospho-
lipids in these vesicles is relatively small. For comparison, an
Ea extracted from the temperature dependence of hexadecane
viscosity (9), thought to be a mimic of the bilayer interior, is
15.4 kJ/mol.
FIGURE 2 Temperature dependence of R1 measured at 0.032 T for SUVs
composed of 10 mM POPC (B) and 10 mM DOPMe ().
31P NMR Field Cycling of Lipid Vesicles 135Other SUVs composed of zwitterionic and anionic phos-
pholipids above their phase transition temperatures were
also examined (Table 1). POPC and dioleoylphosphatidyl-
glycerol (DOPG) yield results very similar to the POPC/
DOPMe system, as expected if chain motions and the overall
internal viscosity contribute significantly to the motion
implicit in tc. The combination of DOPE/DOPMe exhibited
an increase in the tc for DOPMe, as well as longer rPH, com-
pared to the corresponding values observed for that anionic
lipid mixed with POPC. Such behavior is consistent with
a change in the glycerol/headgroup orientation of the anionic
lipid when PE replaces PC. However, Table 1 shows that the
Ea values for each lipid in the different fluid phase vesicles
(Table 1) are not statistically different from each other or
from those of the PC/anionic phospholipid mixtures.
Effect of vesicle curvature on phospholipid
dynamics
A particularly interesting mixed-vesicle system is the SUV
composed of dioleoylphosphatidic acid (DOPA) and POPC
at pH 7.5. In these small, highly curved vesicles, the pKa for
formation of the PAdianion on the innermonolayer is dramat-
ically increased (>10), so that it is a monoanion, whereas the
PA on the outer surface exhibits a net charge controlled by
buffer, in this case 0.05 M Tris HCl, pH 8.0 (10). This leads
to distinct chemical shifts for the PA in the two leaflets. For
POPC/DOPA vesicles at 22C (Fig. 3 A), both PC and PA
in the outer leaflet have similar tc values (8.85 3.2 and 8.35
2.2 ns, respectively), whereas the tc for PA on the inner layer
has increased to 21.75 6.0 ns (Table 1). The effective rPH is
similar for all three lipids, consistent with the sn-3 glycerol
proton(s) dominating the tc relaxation of each phosphorus
nucleus (1). Analysis of the very low field region indicates
similar Rv(0) values for the two PA resonances but a longer
tv for the PA on the inner monolayer (Table 1), the latter re-
flecting a reduced lateral diffusion contribution to this dipolar
relaxation. The similar Rv(0) and increased tv does indicate
that the PA on the inner monolayer has a different (increased)
average qPH, the anglemade by the P-Hvectorwith the bilayer
normal (2). Perhaps more interesting is the temperature
dependence of R1 (Fig. 3 B). Values extrapolated for Ea are
similar for POPC and DOPA on the outer monolayer
(13.05 2.0 and 10.55 2.3 kJ/mol, respectively). However,
Ea for the PA packed in the inner leaflet of these SUVs is
significantly increased (27.4 5 3.7 kJ/mol). Presumably,
the tighter packing of the PA monoanion on the inner leaflet
restricts the 31P motion contributing to tc.
The results for the POPC/DOPA SUVs might suggest that
vesicle curvature has a strong effect on motion and orienta-
tion of the phospholipid headgroup. However, that inference
is complicated by the fact that the PA on the inner monolayer
has an altered net charge and likely a different averaged qPH
in the membrane compared to PA in the outer leaflet of the
SUV. For POPC SUVs, the chemical shift of the externalleaflet PC can be separated from the inner leaflet by the addi-
tion of a lanthanide ion. Pr3þ (3 mM in excess of the 1 mM
EDTA) added to 20 mM POPC SUVs shifts the outer leaflet
PC peak ~7 ppm downfield, well removed from the inner
leaflet PC resonance. The PC on the inner leaflet of the
vesicle has a tc of 7.2 5 1.6 ns, similar to the tc for PC in
vesicles in the absence of Pr3þ (Table 1). The R1 temperature
dependence for this peak gives Ea ¼ 14.0 5 3.1 kJ/mol, a
value comparable to that seen for SUVs dominated by
external PC. In contrast to PA in the inner leaflet, the motion
of PC in the inner leaflet of these highly curved vesicles is not
significantly restricted in terms of tc. Therefore, the mark-
edly hindered motions and energetics seen with PA on the
inner leaflet of SUVs reflect that particular molecule, and
do not occur for the zwitterionic lipid PC on the inner leaflet.
Inﬂuence of phospholipid phase state on Ea
The phase state of the bilayer is another property that should
have a strong effect on the effective rotation/wobbling of
phospholipids in a bilayer. We chose two different saturated
FIGURE 3 (A) Variation of R1 from 0.07 to 11.7 T for POPC (,), DOPA
on the outer monolayer (), and DOPA on the inner monolayer (B) in SUVs
(5 mM each phospholipid) at 22C. (B) Temperature dependence of R1 at
0.08 T for POPC (-) and DOPA on the outer () and inner (B) monolayers.Biophysical Journal 97(1) 132–141
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SUVs. DPPC has a Tm of ~41
C, whereas DMPC has a Tm
of ~26C. Instrumental limitations meant we could study
the gel state of DPPC, but could not obtain enough data for
its liquid-crystalline state. However, the DMPC SUVs could
be examined both above and below the Tm. As shown in
Fig. 4, for DMPC, the log(R1) versus 1/T at 0.032 T had
a lower slope above the Tm compared to that below it. For
the gel-state DPPC, the temperature dependence ofR1 (values
for T < 40C) led to an energy of 67.2 5 6.8 kJ/mol. For
DMPC (T < 26C), a similar energy term was obtained,
625 23 kJ/mol. The large error is in part due to the instability
of the SUVs below the Tm, which leads to fusion over the
course of a day and loss of signal intensity, so that relatively
short relaxation experiments were used. For comparison,
the Ea for liquid-crystalline DMPC was 16.15 3.3 kJ/mol.
It is clear that packing the lipids in a gel state dramatically
impedes wobble and rotational diffusion of the phospholipids
in the membrane.
For comparison, the effect of temperature onR1 forDPPCat
11.7 T over the same temperature range (which includes both
liquid crystalline and gel phases) was examined. There was
very little change in R1 over the temperature range, and the
apparent Ea from an Arrhenius plot was 5.2 5 4.2 kJ/mol.
The value is not interpretable, because it has contributions
from CSA mechanisms.
The same technique can be applied to binary lipid vesicles
for which there is a temperature at which one component, by
itself, would be in a liquid-crystalline phase and the other, by
itself, would be in a gel state. To explore this, we examined
SUVs containing both DOPMe and sphingomyelin (SPM).
When it is pure, bovine SPM has a somewhat broadened
but distinct transition from a gel-like to a liquid-crystalline
state in the temperature range 30–35C. This transition
FIGURE 4 Temperature dependence of R1 at 0.032 T for DPPC () and
DMPC LUVs (B). The solid lines show the fit for gel-state PC, whereas
the dashed line shows the fit for liquid-crystalline DMPC. Also shown is
R1 at 11.74 T for DPPC LUVs (X).
Biophysical Journal 97(1) 132–141temperature is likely to be reduced in SUVs with an equal
proportion of a liquid-crystalline lipid, in this case DOPMe.
At 37C, where both components are in a fluid, liquid-crys-
talline phase, tc is 9.25 4.2 ns for SPM and 15.25 4.5 ns
for DOPMe. At a fixed low field (0.032 T), R1 increases as
the temperature decreases (Fig. 5). However, unlike the
components of the other binary vesicles, the Arrhenius plot
for the SPM component is biphasic, with a much steeper
slope below 25C (Fig. 5 B). There is only a small increase
in the slope for the PMe component of the vesicle in the same
temperature region (Fig. 5 A). For data above 25C, the Ea
values for DOPMe (18.9 5 5.4 kJ/mol) and SPM (14.3 5
3.6 kJ/mol) in the fluid phase were similar to values for other
liquid-crystalline components (Table 1). However, in the low
temperature regime, the two energy terms were significantly
different: Ea ¼ 76.5 5 13.5 kJ/mol for SPM and 29.0 5
5.8 kJ/mol for DOPMe. Presumably, the higher value for
SPM represents the energy barrier for gel-like SPM in local
SPM-enriched regions, whereas the DOPMe shows smaller
changes. The rotation/wobble is not impeded nearly as
much for DOPMe, which is not below its Tm when pure,
FIGURE 5 Temperature dependence of 31P R1 for vesicles composed of
1:1 (A) DOPMe and (B) SPM measured at 0.032 (), 0.115 T (B), 2.13 T
(,), and 11.74 T (6). Note that the PMe data at each field strength can
be fit by a single exponential versus inverse temperature. For SPM where
the R1 is measured in a regime dominated by the dipolar tc, the dependence
is biphasic, with a higher slope (larger Ea) for SPM in a gel-like state.
31P NMR Field Cycling of Lipid Vesicles 137TABLE 2 Correlation times, R(0) values, and extracted parameters for phospholipids in vesicles containing 30 mol % cholesterol
Lipids T (C) Rc(0) (s
1) rPH (A˚) tc (ns) Rv(0) (s
1) tv (ms) qPH Ea* (kJ/mol) Energy roughness (kJ/mol)
POPC 22 1.875 0.28 3.24 23.35 8.0 6.375 0.60 0.465 0.06 39.8 15.35 1.5 4.33
DPPCy 45 2.715 0.14 3.43 47.35 5.4 21.05 4.1 6.04
DMPCy 45 1.745 0.13 3.47 32.55 6.4 11.75 3.0 3.82
SPMy 40 2.065 0.56 3.53 435 18 2.6 5 0.4 1.80
POPC/ 22 1.675 0.23 3.35 25.35 7.1 6.225 0.34 0.505 0.09 39.3 15.15 1.4
DOPMe 1.485 0.19 3.30 20.35 6.1 2.625 0.17 0.335 0.09 42.5 17.15 0.9
POPC/ 40 1.165 0.10 3.49 22.65 9.5 5.945 0.15 0.455 0.04 37.1 15.15 1.4 4.35
DOPMe 0.835 0.10 3.36 12.75 4.5 2.985 0.08 0.495 0.04 43.2 17.95 0.8 4.82
DPPC/ 25 2.755 0.16 3.34 40.85 5.1 13.15 1.0 4.09
DOPMe 1.965 0.06 3.14 20.35 1.5 14.95 2.3 4.35
*Extrapolated from the temperature dependence of R1 at 0.032 T.
yThe very low field increase in R1 for LUVs with cholesterol could not be determined with sufficient accuracy to obtain Rv(0) or tv, precluding an estimation of
qPH.as for SPM below 25C, although there is some effect. The
sensitivity of the R1 temperature dependence to partial phase
separation is only observed at fixed low fields where dipolar
relaxation is dominant (Fig. 5 B).
In summary, from an examination of these different SUV
systems where both gel and liquid-crystalline phases can
coexist, we see that chain packing (and presumably bilayer
viscosity) plays a significant role in modulating the motion
reflected in the 31P tc. The mean Ea for gel-phase PC and
SPM is 68.6 5 4.2 kJ/mol; above the Tm, the mean Ea for
PC is 13.7 5 0.7 kJ/mol.
Effects of cholesterol on phospholipid dynamics
Cholesterol in bilayers is said to ‘‘fluidize’’ a gel-state phos-
pholipid bilayer and to slow down motions in a liquid-crystal-
line bilayer. We examined these effects in three different types
of vesicles: 1), saturated chain PC/cholesterol (30mol%) vesi-
cles; 2), binary component SUVswithPC/DOPMe/cholesterol
(10 mM/35 mM/30 mM) where the PC was either POPC or
DPPC; and 3), SPM/cholesterol (20 mM/10 mM) LUVs.
The cholesterol-containing vesicles with DPPC or SPM were
prepared by extrusion to have a diameter of ~1000 A˚. Table
2 compares relaxation parameters extracted from the field
cycling experiments.
Cholesterol dramatically increased the POPC tc, from 5 ns
in fluid-phase bilayers at 22C, in the absence of the sterol, to
23 ns with cholesterol added. Vesicles of DPPC (or DMPC)
above their Tm showed a similar increase in tc with choles-
terol. For example, Fig. 6 shows the effect of cholesterol
on DPPC 31P R1 field dependence at 45
C. The shift in the
curve, such that the midpoint of the R1 rise occurs at lower
field, is the hallmark of the increased tc. At a temperature
where the PC in a pure or binary component vesicle is above
its Tm, the addition of 30 mol % cholesterol led to a 4.4 5
0.2-fold increase in tc (Table 2). The effect on Rc(0) was
much smaller (a 1.75 0.3-fold increase). Added cholesterol
has the result of substantially increasing rPH for phospho-
lipids: rPH increased from 2.85 to 3.35 A˚ for PC and from
2.88 to 3.30 A˚ for PMe. Since the glycerol C(3)H2 groupmost likely provides the major dipolar relaxation, this
indicates that the averaged arrangement of the P-O-C(3)H2
has been changed by the cholesterol.
For both POPC/cholesterol and POPC/DOPMe/cholesterol
vesicles, qPH decreased significantly for the PC component
FIGURE 6 (A) Field dependence (at 45C) of R1 from 0.03 to 11.7 T for
DPPC () and DPPC (B) in the presence of 30 mol % cholesterol. Note the
large increase in tc in the presence of cholesterol along with a smaller
increase in Rc(0). (B) Temperature dependence of R1 measured at 0.032 T
for vesicles with 30 mol % cholesterol in POPC SUVs (), DPPC LUVs
(-), and DPPC/DOPMe (1:1) SUVs (,).Biophysical Journal 97(1) 132–141
138 Roberts et al.(an average of 4) with a smaller reduction in the averaged
angle for PMe (1.7 decrease). These results complement
previous 31P NMR studies of how cholesterol affects the
31P of PC (11), where there was no change in the chemical
shift anisotropies with up to 50mol% cholesterol. That obser-
vation was used to suggest that cholesterol does not order the
headgroup as it does the hydrocarbon region; rather, it acts as
a spacer. The tc we measured clearly shows that the dipolar
motions relaxing the phosphorus are retarded and that the
P-H angle with respect to the bilayer normal is altered with
cholesterol added.
The Ea for the POPC internal wobble/rotation motion from
the temperature dependence of R1 was only marginally
affected by the presence of cholesterol. The average Ea for
POPC in pure or binary-component SUVs in the absence
of cholesterol was 13.05 0.8 kJ/mol; this value was 14.55
1.2 kJ/mol when cholesterol was present. DOPMe in mixed
vesicles exhibited a slightly larger (and statistically signifi-
cant) increase in Ea with cholesterol, from 11.9 5 2.3 to
16.0 5 1.6 kJ/mol. However, the most dramatic change
was for saturated-chain PC vesicles where Ea was evaluated
at temperatures below the Tm of the pure lipid. Best illus-
trated for DPPC LUVs with cholesterol (Fig. 6 B), Ea was
reduced from 67.25 6.8 kJ/mol to 21.05 4.1 kJ/mol. Like-
wise, data for DMPC LUVs no longer exhibited a biphasic
R1 versus 1/T profile but could be fit with a single exponen-
tial yielding 11.75 3.0 kJ/mol with the sterol present. The
one outlier was the SPM/cholesterol LUV sample, where tc
at 40C (435 10 ns) was similar to that observed for DPPC
at 45C (47.35 5.4 ns), but the Ea extrapolated for SPMwas
much lower (2.6 5 0.4 kJ/mol).
Brownian motion theory
Relation of R1 temperature dependence to the local energy
landscape
Previously, we compared our data for DPPC with the results
of a computer simulation (3). Here, we present an alternative
view to assess the energetics of phospholipids in vesicles,
using modern Brownian motion theory. We suggest that
features of the wobble motion could be analyzed as diffusive
motion of the lipid axis in a spatially rough potential energy
landscape.
The phospholipid wobble can be considered as Brownian
motion of the lipid axis in the energy landscape predomi-
nantly along a single reaction coordinate x. The motion of
the phosphorus-glycerol chain unit, viewed as a rigid body
of mass m, is assumed to be described by a one-dimensional
Smoluchowski equation (see Fig. S3 for details and refer-
ences supporting this theory). We assume that diffusion in
the gel state takes place in a spatially rough energy land-
scape. Initially, as a possible approximation to the gel state,
we assume that the potential energy landscapeF(x) along the
reaction coordinate x is random. The average of the potential
over the realization of F(x) is denoted by hV(x)i. TheBiophysical Journal 97(1) 132–141fluctuations of the potential along the reaction coordinate is
by definition d F(x) ¼ F(x)  hV(x)i. Let the correlation
between the fluctuations at two points, x and y, on the energy
landscape be given by hd F(x) dF (y)i ¼ G (x  y).
A quantity of interest is the mean first-passage time, t(x),
for the system starting at x to reach a domain U for the first
time. This quantity will be averaged over the probability
distribution that defines the random potential F(x). If the
fluctuations in the potential are Gaussian, one obtains (see
Fig. S3)
ln

t
 ¼ ln R1 ¼ Gð0Þ=k2BT2 þ ln to; (1)
where G(0) is not a function of temperature, the angular
brackets denote an average over the probability distribution,
and to is a characteristic timescale.
Several comments are in order. First, the first term in this
expression has a characteristic 1/T2 temperature dependence
that arises from the roughness in the energy landscape
(12,13). Second, the temperature dependence of the term
lnto is the product of viscosity of the fluid and an activation
energy. By fitting Eq. 1 to our data for the temperature
dependence of R1, we have compiled in Table 1 values for
root-mean-squared energy roughness for phospholipids in
vesicles. Viewing the experimental data through this analysis
indicates that phospholipids in liquid-crystalline bilayers
have a similar root-mean-squared energy roughness (4.075
0.12 kJ/mol for PC and 3.925 0.20 kJ/mol for anionic phos-
pholipids in SUVs with PC, with the exception of PA in the
inner monolayer of SUVs) and to (since the Ea values are all
quite similar). Third, inclusion of cholesterol in fluid bilayers
will likely increase the lnto term, but its effect on the root-
mean-squared roughness of the energy landscape may not
be as dramatic. Experimentally, we see that the effect on the
root-mean-squared roughness of the energy landscape is rela-
tively small, with an average value of 4.15 5 0.12 kJ/mol
(except in the SPM sample). This value is not statistically
different from the value in the absence of cholesterol.
However, for all these lipids, the overall t has increased, as
is reflected in the to term, consistent with an increased
viscosity. The gel-state bilayers examined have both a steeper
roughness (8.65 5 0.53 kJ/mol) and an increased to term.
Inclusion of cholesterol in these bilayers reduces both terms.
For DPPC, the root-mean-squared roughness of the energy
landscape is decreased to 6.04 kJ/mol, a decrease of ~30%,
whereas the ln to term exhibits a much larger decrease
when the activation energy is examined.
The model described above for the first passage time is
based on two assumptions. The first is the validity of the
Smoluchowski equation, which is obtained from the more
fundamental Langevin equation under conditions of high
friction, g, using projection operator and perturbation tech-
niques. The second assumption is that the potential average
energy does have a small value along x, and this would act
like a barrier. This assumption can be relaxed. As mentioned
31P NMR Field Cycling of Lipid Vesicles 139before, the rough potential can be thought of as having
a background potential that is smooth over a suitable length
scale, Dx, and on which is overlaid a random perturbation.
There is another length scale in the problem, namely the
amplitude, w, of the random perturbation. Provided there is
separation between these two length scales, using mean
first-passage time formalism, the diffusion coefficient in
a rough potential will be significantly depressed over that
in a uniform potential by a term proportional to eðw=kBTÞ
2
.
This approach to describing the energy landscape of phos-
pholipids in a vesicle emphasizes the similarity of individual
components of fluid bilayers and provides a framework for
describing how additives affect the bilayer components.
Relation of apparent energy barriers to heat capacity
Here, we show that there is an intimate connection between
the slope of the temperature dependence of R1 for the gel-
state lipid, with and without the presence of cholesterol,
and the heat capacity of the system. This idea was motivated
by two previous observations (14,15). Firstly, for DPPC and
DMPC LUVs, the temperature dependence of heat capacity
near the gel-liquid-crystalline phase change can be described
by critical exponents (14). Fluctuations at the critical point
lead to divergence in measurable thermodynamic properties
such as heat capacity and compressibility as one approaches
the critical point, and can be described by scaling laws.
Secondly, there is a relationship between the relaxation
kinetics of lipid membranes and heat capacity (15).
Consider a thermodynamic fluctuation in the system
whose magnitude is Dc. According to Landau-Lifshitz fluc-
tuation theory, the probability that fluctuation will occur in
the gel-lipid system is given by
PðDcÞ ¼ 2phðDcÞ2i1=2exp
 
 1
2
ðDcÞ2ðDcÞ2
!
; (2)
where c denotes the driving force. The driving force is
related to fluctuations in appropriate thermodynamic quanti-
ties (see Fig. S4). If, at a given temperature and pressure, the
magnitude of the fluctuations are below a threshold value,
then the probability of occurrence of these fluctuations is
such that it would greatly suppress molecular rearrange-
ments. Thus, if the driving force corresponding to the
threshold fluctuations is less than a minimum value, Dc*,
the system cannot relax to equilibrium (16).
For a fluctuation in the system that is large enough to allow
a transition, the probability per unit time, or the transition prob-
ability, for such afluctuation is given by
RN
Dc
dðDcÞPðDcÞ. The
relaxation time, t, is, however, inversely proportional to the
transition probability. We now introduce an order parameter
that describes the gel state of the DPPC and DMPC bilayers.
Assuming that the driving force that leads to relaxation is
due to entropy (16), we can show that the temperature depen-
dence of the relaxation time can be expressed asln tz const ða þ bÞ
2
lnð1=3Þ; (3)
where 3 ¼ (Tc – T)/Tc, Tc is the critical temperature equal to
Tm, a and b are exponents that define the constant-volume
heat capacity and the order parameter near the phase change,
respectively. Thus, the relaxation time, which in these exper-
iments is proportional to R1 at a low field, where tc domi-
nates the motion, has a term proportional to the heat capacity
raised to the power a/2.
Fig. 7 shows such a plot of ln(R1) (at 0.032 T, this is propor-
tional to tc) versus ln(1/3) for both DPPC and DMPC bilayers
below the Tm, where the Tm for DPPC is 40
C and that for
DMPC is 28C. Data for DPPC with 30 mol % cholesterol
is also shown, assuming that 40C still represents the Tm.
The magnitude of the slope, equivalent to (a þ b)/2, is
0.855 0.25 for DPPC and 0.605 0.30 for DMPC. Although
the values for (a þ b) are slightly higher than expected, they
are fairly close to the expected range within the error of the
measurement. A lower slope, 0.42 5 0.10, is observed for
the DPPC sample containing cholesterol. These values are
consistent with the temperature dependence of the tc for the
31P group of the phospholipid, reflecting changes in the heat
capacity of the gel-like phase.
DISCUSSION
31P Ea estimates: past, present, and what affects it
The field dependence of the 31P spin-lattice relaxation rates
of phospholipids in bilayers can provide insights into the
motions of this region of the molecule and how overall
FIGURE 7 Dependence of ln(R1) obtained at 0.032 T on ln(1/3), where
3 ¼ (Tc – T)/Tc for both DPPC LUVs (), DMPC SUVs (-), and DPPC/
cholesterol LUVs (B). For DMPC, the Tc extracted from the data was
28C; for DPPC (in the absence and presence of 30 mol % cholesterol),
a Tm of 40
C was used to estimate 3.
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similarity of Ea (13.25 1.9 kJ/mol for glycerophospholipids
in fluid bilayers, irrespective of headgroup) and the energy
roughness extrapolated from it in almost all phospholipid
vesicles, small or large, pure components or mixtures of
phospholipids, suggests that what governs the tc motion is
the same for almost all of these samples. Assuming that
tc is correlated with wobbling of the P-glycerol-chain
cylinder in a hexadecane-like environment (3), as molecular
dynamics simulations suggest, such uniformity would be ex-
pected (along with similar roughness in the potential energy
landscape). There are two previous estimates of energy
barriers from 31P NMR studies that are similar to what we
see, although motions characterized by those estimates
were not clearly identified. Measurements of egg PC vesicles
at four fields (down to 2.26 T) and several temperatures
generated an apparent Ea of 16.9 kJ/mol (17). Dufourc
et al. (18) examined unoriented and aligned DMPC with
a wide variety of 31P NMR experiments and differentiated
several types of motions over a wide temperature range.
They estimated an energy barrier of 15 kJ/mol for headgroup
rotation of DMPC in the liquid-crystalline phase that
increased to 50 kJ/mol for the gel state; the latter value is
similar to what we measure for PC (64.6 5 2.6 kJ/mol). It
is clear that the phospholipid phase state has a very large
effect on the energy barrier associated with tc.
The only situation where Ea for a component of a fluid
bilayer was statistically different from 13 kJ/mol was for
DOPA on the inner monolayer of highly curved vesicles.
Both tc and Ea indicate that wobbling/rotation of inner-
monolayer DOPA is relatively difficult. There are several
possible mechanisms to explain the slower motion for
inner-monolayer PA. Since the PA in this leaflet has
a much higher pKa, the net charge/molecule is 1 (10).
This could allow closer packing of PA molecules, potentially
in microdomains that do not mix well with the POPC that
also is packed in the inner monolayer. Since we cannot
differentiate the PC in these bilayers (Pr3þ added to SUVs
with anionic phospholipids causes fusion), we do not know
how the motion of that lipid is affected, although we only
see a single exponential for decay of PC magnetization in
R1 experiments.
Insights into cholesterol effects
Cholesterol incorporated in a phospholipid bilayer leads to
very interesting effects as measured by P-fc-NMR. There
appears to be a change in the averaged orientation and effec-
tive distance of the P-H vector that is responsible for the
dipolar relaxation of the phosphorus. These changes in both
rPH (lengthened) and qPH (angle increased) are statistically
significant and suggest 1), a real alteration in phospholipid
average headgroup geometry in the presence of cholesterol;
2), a further uncoupling of the polar headgroup motions
from the phosphorus such that they no longer have muchBiophysical Journal 97(1) 132–141contribution to R1; or 3), a breakdown in the rigid bodymodel
for phospholipid motion in a bilayer such that the phosphate
unit is partially uncoupled from the glycerol/acyl chain
behavior in a way that reduces the effectiveness of the glyc-
erol C(3) proton dipolar interactions. There is little in the
literature that addresses 31P headgroup changes in bilayers
containing cholesterol (an earlier study suggested that
changes in CSA did not occur (11)). At this time, we cannot
decide which of these possibilities is correct (although the
breakdown in the rigid body model seems least likely, since
a dramatically lengthened tc is observed) without extensive
molecular dynamics simulations and further studies of
systems with perdeuterated moieties. However, the field
cycling opens the possibility of really defining what happens
around the phosphorus in these bilayers.
One of the most striking changes is that in the presence of
cholesterol, the Ea associated with tc for bilayers, at tempera-
tures where the pure phospholipids would be gel-like, is
dramatically reduced. Presumably, this is because at 30 mol
%, the cholesterol disrupts the ordered-chain packing (acting
as a spacer (11)) that retards the wobble diffusion sensed by
tc. Analyses of
2H NMR spectra have suggested that choles-
terol affected order fluctuations rather than local segmental
motions (19). Nonetheless, the temperature dependence of
tc in these bilayers still reflects fluctuations in the heat
capacity of the saturated phospholipid as the Tm is ap-
proached, since the magnitude of the slope of ln(R1) versus
ln(1/3) is ~0.5. For fluid bilayers, tc increases fourfold when
cholesterol is included, whereas the increase inEa is relatively
small (for PC in vesicles, Ea increases from 13 to 15 kJ/mol).
The value is not at all like that in gel-state bilayers, and is not
even as high as for PA in the inner leaflet in SUVs. The rough-
ness of the energy landscape as interpreted by the theory pre-
sented has also been seen to decreasewith cholesterol present.
Calorimetric studies have shown that inclusion of cholesterol
broadens the melting transition, and this loss of cooperative
behavior is reflected in the energetics of tc in cholesterol-
containing bilayers in the temperature regime below the Tm.
Cholesterol and saturated-chain PC have been noted to
form ‘‘condensed complexes’’ (20,21). In a recent work,
Lee and co-workers (22) presented evidence for PC/choles-
terol ordering that persists only over a few molecules.
Such behavior is consistent with dynamic PC/cholesterol
complexes. The size mismatch of phospholipid tails and
the cholesterol tail means the complex cannot be fully
ordered but should rather exhibit short-range ordering.
Contrary to this view, Lindblom and co-workers (23) sug-
gested that the formation of coexisting liquid ordered and
disordered phases does not require one to invoke specific
phospholipid-cholesterol complexes, since cholesterol parti-
tions into both phases. Is there any evidence in our work for
discrete complexes? The average tc for DMPC and DPPC
with cholesterol at 45C is 405 7 ns; for POPC, in similar
cholesterol-containing vesicles, the average tc is 23 ns at
22C and extrapolated to be 15 ns at 45C. This behavior
31P NMR Field Cycling of Lipid Vesicles 141might support the idea that a tighter and more constrained
complex is formed for saturated-chain PC than for the
POPC complexes. We can estimate that for tc to increase
to 40 ns, all else being the same, the POPC/cholesterol
SUVs would have to be at 7C. It is interesting to note that
if one looks at the Tm for pure POPC bilayers, one gets an
average of 1.4 5 1.0C (http://www.lipidat.ul.ie/search.
htm). Thus, the POPC bilayers with cholesterol ~7–8 above
the Tm for the pure lipid are projected to be the same as those
for DPPC with cholesterol at 45C, a temperature ~5 above
the Tm for the pure lipid. By adjusting for reduced tempera-
ture of the pure lipid, we might suggest that the observation
of differential cholesterol complexes with saturated versus
unsaturated PC reflects interactions based on the relative
fluidity of the chains rather than a specific complex with
a saturated-chain PC. Although further studies are clearly
warranted, this does highlight that using high-resolution field
cycling, very useful information can be extracted that is not
easily obtainable from other techniques.
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